The influence of ultraviolet (UV) irradiation on vinylsilsesquioxane (ViSiO 3/2 ) films was investigated using a nanoindentation technique, and the structural changes were analyzed. Solid-state 13 C cross-polarization magic-angle-spinning nuclear magnetic resonance and infrared spectra of the films confirmed the polymerization of C=C bonds and formation of a CC bridge structure upon UV irradiation. Since the vinyl group is a photosensitive organic component with a short organic chain, it is expected to show a large improvement in mechanical properties as a result of the formation of an organic network under the influence of UV irradiation. It is shown that varying the intensity of the UV irradiation leads to changes in the hardness and elasticity. The irradiation energy was found to determine the mechanical properties of the ViSiO 3/2 films, regardless of the effects of different UV intensities on the hybrid films.
Introduction
Silsesquioxanes are inorganicorganic hybrid materials with a specific type of organosilicate of formula RSiO 3/2 ; they combine the mechanical, thermal, and chemical stabilities of ceramics and the flexibility of traditional soft materials in solution processing.
1)6) Because they have three silicate linkages per silicon atom and one pendant organic substituent, silsesquioxane systems have a propensity to form cross-linked networks. This has led to widespread interest in their applications and it is evident that silsesquioxanes are a versatile class of hybrid materials.
Ultraviolet (UV) curing processes are becoming a very reliable alternative to thermal processes, because of a particular characteristic, namely fast transformation of a liquid monomer into a thin solid cross-linked coating with tailored physical and chemical properties without the need to use a solvent, so they are considered as environmentally friendly processes. This technique is usually performed at room temperature, allowing energy saving. 5) 11) The first step in this method is the preparation of an inorganic network in a solgel synthesis by hydrolysis and condensation. In the second step, the organic network is generated by heat treatment and UV irradiation.
Conventionally, hardness is measured by pressing an indenter of a certain shape into a test surface and imaging the indent after releasing the load and retracting the indenter. However, when working with films, especially those with thicknesses of a few microns, this method is not particularly convenient. An instrumental indentation technique, also known as nanoindentation, is therefore used, in which the displacement of a sharp indenter into the hybrid film is measured to investigate the mechanical properties of surfaces by accurately measuring displacements of only a few nanometers using sensitive transducers. In the present study, vinylsilsesquioxane (ViSiO 3/2 ) films, which have C=C bonds, were prepared using vinyltriethoxysilane [ViSi(OEt) 3 ] as the starting material. The primary aim of this study is to clarify the features of ViSiO 3/2 films that affect changes in the mechanical properties upon UV irradiation, compared with those of phenyl-and methyl-silsesquioxane hybrid films. Understanding these changes is essential for developing embossing and photolithographic micropatterning processes using hybrid films. Detailed studies of the effects of the UV irradiation time and intensity on structural changes in the films are also important in determining the most effective conditions for using the organosilsesquioxane films in micropatterning applications.
Experimental procedure
In this study, ViSi(OEt) 3 RSiO 3/2 hybrid films for mechanical characterization were prepared by dropping and spreading the sols on soda-lime silicate glass substrates. Films prepared on silicon substrates by dipping/withdrawing were used for structural and chemical characterizations. The thicknesses of the hybrid films were measured using a profilometer (SURFTEST SV-3000M4, Mitutoyo Co., Ltd., Kawasaki, Japan). The films coated on the substrates were placed in an oven and heat-treated at 80°C for 4 h. UV irradiation of the films was carried out using an ultra-highpressure mercury lamp (SP7-250DB, Ushio Inc., Tokyo, Japan). The RSiO 3/2 hybrid films were irradiated through quartz glass and in a nitrogen atmosphere to prevent oxidation of the films. The intensity of the light was 5, 10, and 15 mW/cm 2 at a wavelength of 365 nm.
Changes in the mechanical properties of the films with UV irradiation were measured using a nanoindentation technique. Nanoindentation tests were carried out under ambient conditions using a specially designed nanoindentation apparatus. The penetrations of Berkovich and spherical (radius, R = 50¯m) indenters were controlled using a piezo actuator. The piezo actuator was used to control the penetration depth h as a function of time, using a personal computer (PC), and the load indentation P was monitored using a miniature load cell. The analog outputs were converted to digital data in their synchronized phases, and then stored and analyzed by the PC. Indentation tests were conducted on all the hybrid films before and after UV irradiation. Details of mechanical properties determination using nanoindentation have been reported in our previous papers.
13)20)
Fourier-transform infrared (FTIR) spectroscopy and solid-state 13 C cross-polarization magic-angle-spinning nuclear magnetic resonance (CPMAS-NMR) spectroscopy were used to analyze the structures of the films and to determine the relationship between the mechanical properties of the films and UV irradiation time. FTIR absorption spectra of the films coated on silicon substrates were measured in transmission mode before and after UV irradiation, using an FTIR spectrophotometer (FTIR-7300, Jasco, Tokyo, Japan). Changes in the structural units of the hybrid films before and after UV irradiation were examined using a 13 C CPMAS-NMR spectrometer (Varian, UNITY-400P, CA, USA). Sample powders were measured using a 5-s decay between pulses and a spinning rate of 4000 Hz.
Results and discussion
The thicknesses of the hybrid films were controlled to be 10¯m. Typical loaddisplacement cycles, √Ph, for the three kinds of hybrid films before UV irradiation are shown in Fig. 1 . The results for the ViSiO 3/2 , PhSiO 3/2 , and MeSiO 3/2 hybrid films are shown in Figs. 1(a)1(c) , respectively. The linear √Ph lines confirm the quadratic relationship of P versus h for the hybrid films. In Fig. 1 , the broken line indicates the √Ph relationship for the homogeneous hybrid films, with the quadratic relationship P = k 1 h 2 . The broken line and the √Ph cycles of the hybrid film plots are close and overlap with each other. This indicates that the indentation rheology affected the film area only, and the effect of the substrate on the deformation of the hybrid films was very limited when the film/substrate modulus mismatch was insignificant. 20) The key features to note from the loaddisplacement plots are the differences in the maximum penetration depths and the recovery behaviors of the films during the unloading cycle. The ViSiO 3/2 film, as shown in Fig. 1(a) , initially displays highly elastic behavior with a minor plastic deformation, which is then followed by increasing deviations from the ideal elastic behavior, based on computation of stimulated loaddepth curves. The ViSiO 3/2 film also shows the least amount of creep, which is attributable to a phenomenon in which the siloxane network predominantly provides the hybrid film with rigidity and hence there is less molecular movement under a constant load.
UV light with a power density of 15 mW/cm 2 was selectively irradiated onto the ViSiO 3/2 , PhSiO 3/2 , and MeSiO 3/2 hybrid films coated on glass substrates, for different irradiation times. Figure 2 shows the changes in the Meyer hardness of the hybrid films upon UV irradiation. Circles, triangles, and squares represent the results for ViSiO 3/2 , PhSiO 3/2 , and MeSiO 3/2 hybrid films, respectively. A significant increase in hardness is observed for the ViSiO 3/2 film during UV irradiation. In contrast, a small increase in hardness is seen for the PhSiO 3/2 film during UV irradiation, and almost no changes are seen for the MeSiO 3/2 film. The significant increase in the hardness of the ViSiO 3/2 film after irradiation is probably the result of opening and polymerization of C=C double bonds in the film. The small increase in hardness of the PhSiO 3/2 hybrid film after irradiation can be ascribed to cleavage of SiC bonds in the film. The MeSiO 3/2 film, which does not have UV-sensitive functional groups such as C=C and SiPh bonds, shows no changes during irradiation. It is noteworthy that the ViSiO 3/2 film shows much higher hardness and steeper increases in hardness than the other hybrid films with UV irradiation. This probably reflects significant densification of the film by the formation of Si(CH 2 ) n Si bonds by UV irradiation.
The elastic modulus data as a function of UV irradiation time follow the same trends and exhibit similar features, as shown in Fig. 3 . For the ViSiO 3/2 and PhSiO 3/2 hybrid films, UV irradiation results in an increase in elastic modulus. The increase in the elastic modulus induced by UV irradiation is amplified systematically as polymerization and cleavage increase. The elastic modulus of the ViSiO 3/2 hybrid film increases more rapidly than those of the other hybrid films. This might be explained by greater conversion of C=C bonds during the organic polymerization, generating a hybrid network with a higher cohesive energy density.
A comparative experiment was also performed to study the influence of UV irradiation intensity on the ViSiO 3/2 hybrid films in detail. The results indicate that the hardness and elastic modulus of the hybrid films rapidly increase as the UV exposure intensity increases from 5 to 10 and to 15 mW/cm 2 . Figure 4(a) shows the changes in Meyer hardness of the ViSiO 3/2 films with UV irradiation time after irradiation with different UV intensities. A hardness value equivalent to that obtained with a strong intensity can be obtained using a weak intensity for a longer irradiation time. A high UV power is useful for shortening the exposure times of silsesquioxane hybrid films. 21) Shortening the processing time is necessary for practical micropatterning applications. To examine the rate of increase of the hardness with intensity strength, the correlation between the Meyer hardness of the ViSiO 3/2 films with UV irradiation energy is plotted in Fig. 4(b) . The UV irradiation energy is the total irradiated energy delivered to an area. As shown in Fig. 4(b) , the increases in the hardness were independent of the UV intensities applied to the hybrid films. The same trends and characteristic were also seen in the correlation of the elastic modulus values with UV irradiation energy. Similar results were also obtained from the changes in the normalized absorbance of the peak assigned to the C=C bond in the FTIR spectra of ViSiO 3/2 films associated with UV light irradiation energy. The rapid increase in the hardness value with strong intensity therefore caused no structural changes in the hybrid films along with the changes in the mechanical properties.
FTIR absorption spectra were measured for ViSiO 3/2 films coated on silicon substrates and irradiated with UV light (15 mW/ cm 2 at a wavelength of 365 nm). Figure 5 shows the FTIR spectra of the ViSiO 3/2 films before and after UV irradiation. The band at around 1620 cm ¹1 is assigned to C=C stretching. The band at around 750 cm ¹1 is assigned to the SiC bonds. With UV irradiation for 30 min, the intensity of the band arising from C=C decreased and the band broadened. However, the band did not disappear completely. This shows that the C=C bonds polymerized with UV irradiation for 30 min were not completely polymerized. The intensity of the band at 950 cm ¹1 also decreased. This band is usually assigned to SiOH, 12) but a band attributable to =CH 2 wag may appear in this region. In the PhSiO 3/2 films, the intensity of the band from SiC at around 750 cm ¹1 also decreased (not shown in the figure) . In addition, for MeSiO 3/2 , which does not have C=C bonds, the cleavage of SiC bonds was not observed. These results reflect small increases in the hardness of the PhSiO 3/2 films and no changes in the hardness of the MeSiO 3/2 films during UV irradiation, as shown in Fig. 2 .
13
C CPMAS-NMR spectrometry was used to confirm the cleavage of the C=C bond and the formation of a bridge structure of CC bonds. Figure 6 shows 13 C CPMAS-NMR spectra of ViSiO 3/2 hybrid powders, which are originally from the peeling off film before and after UV irradiation for 1 h, in the ranges (a) 110 to 160 ppm and (b) ¹20 to 50 ppm. In Fig. 6(a) , in the spectrum of the powder before UV irradiation, an intense band at 135 ppm, assigned to C=C bonds, was observed. The intensity of this C=C band was reduced after UV irradiation, indicating that the C=C bonds were polymerized and cleaved in the film. In Fig. 6(b) , the peak assigned to CC bonds at 26 ppm increased after UV irradiation. This indicates that the C=C bonds in the ViSiO 3/2 films were cleaved and formed a cross-linked structure on UV irradiation, and this structural change increased the hardness and elastic modulus of the film. This is supported by the study by Tadanaga et al. 10),22) in which structural units with polymerized organic chains consisting mainly of T 2 species were observed by 29 Si CP-MAS NMR in a ViSiO 3/2 film after UV irradiation.
Conclusions
UV irradiation of ViSiO 3/2 hybrid films caused significant increases in hardness and indentation modulus. The structural studies suggest that the opening and polymerization of C=C bonds, and formation of a cross-linked structure are the dominant reactions, leading to significant improvements in the mechanical properties of ViSiO 3/2 hybrid films. Among several kinds of hybrid films, ViSiO 3/2 films showed significant improvements in mechanical properties as a result of the formation of an organic network upon UV irradiation. Since ViSiO 3/2 has a short organic chain, UV irradiation caused the structure to be denser and increased the hardness of the film. The increase in hardness caused by irradiation can be quantified from the energy, regardless of differences in the intensity of the UV irradiation.
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